We compared the effects of oleanolic acid (OA) vs. dexamethasone on lung mechanics and histology, inflammation, and apoptosis in lung and distal organs in experimental sepsis. Seventy-eight BALB/c mice were randomly divided into two groups. Sepsis was induced by cecal ligation and puncture, while the control group underwent sham surgery. 1 h after surgery, all animals were further randomized to receive saline (SAL), OA and dexamethasone (DEXA) intraperitoneally. Both OA and DEXA improved lung mechanics and histology, which were associated with fewer lung neutrophils and less cell apoptosis in lung, liver, and kidney than SAL. However, only animals in the DEXA group had lower levels of interleukin (IL)-6 and KC (murine analog of IL-8) in bronchoalveolar lavage fluid than SAL animals. Conversely, OA was associated with lower inducible nitric oxide synthase expression and higher superoxide dismutase than DEXA. In the experimental sepsis model employed herein, OA and DEXA reduced lung damage and distal organ apoptosis through distinct anti-inflammatory mechanisms.
Introduction
Sepsis is the host response to infection, defined by the presence of systemic inflammation and organ dysfunction (Vincent and Korkut, 2008) , and represents an important cause of acute respiratory distress syndrome (ARDS) (Lange et al., 2012) . Lung inflammation may be related to different pathways associated with transcription factors [activation of nuclear factor (NF)-B)] (Guo and Ward, 2007) or oxidative stress (Landry and Oliver, 2001; Lang et al., 2002) .
Although many drugs aimed at controlling inflammation have been tested in septic patients, none have improved survival (Fry, 2012) . The optimal pharmacological therapy for sepsis should modulate both the inflammatory and oxidative responses, leading to a lower cell death rate and improvement in cell and organ function (Carnesecchi et al., 2011) . Corticosteroids have been used in experimental models of sepsis (Bouazza et al., 2011; Uematsu et al., 2013) but there are controversies regarding their effects on mortality and inflammation due to different dosages, timing, and duration of corticosteroid treatment (Annane et al., 2009; Jaeschke and Angus, 2009) .
Oleanolic acid (OA) and its derivatives exert anti-inflammatory effects (Pollier and Goossens, 2012) by decreasing levels of inducible nitric oxide synthase (iNOS) and modulating superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) (Wang et al., 2010; Santos et al., 2011) . However, these findings are derived from in vitro studies or experiments using the lipopolysaccharide (LPS) model and non-septic induced lung injury. To the best of our knowledge, no previous study has evaluated the effects of OA in cecal ligation and puncture (CLP)-induced sepsis or compared it with corticosteroids.
The present study compares the effects of OA vs. dexamethasone on lung mechanics and histology, inflammation, and apoptosis in the lung and distal organs in CLP-induced sepsis. The possible mechanisms of action of both agents were also investigated, focusing on oxidative stress (nuclear factor E2-related factor 2, GPx, CAT, iNOS, and SOD expression in lung tissue) and levels of interleukin (IL)-6, KC and IL-10 in bronchoalveolar lavage fluid (BALF).
Materials and methods
This study was approved by the local Animal Care Committee and conducted in compliance with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, Washington, DC).
Animal preparation and experimental protocol
Seventy-eight male BALB/c mice (20-25 g) were kept under specific pathogen-free conditions and a 12-h light/dark cycle in the Laboratory of Pulmonary Investigation animal care facility. All animals were randomly assigned to two groups. In the control group (C), mice were subjected to sham surgery, while in the CLP group, cecal ligation and puncture was performed. Briefly, animals were anesthetized with ketamine (65 mg/kg, intraperitoneally [i.p.]) and xylazine (30 mg/kg, i.p.) and a midline laparotomy (2-cm incision) was performed. The cecum was carefully isolated to prevent damage to blood vessels. A 3-0 cotton ligature was placed below the ileocecal valve to prevent bowel obstruction. Finally, the cecum was punctured once with an 18-gauge needle and the animals left to recover from anesthesia (Oliveira et al., 2009; Chao et al., 2010) . In sham surgery, the abdominal cavity was opened and the cecum was isolated without ligation and puncture. The animals received subcutaneous injections of 1 mL of warm (37 • C) saline and tramadol hydrochloride (20 mg/kg, i.p.). Both groups were further randomized to receive saline solution (SAL, 0.1 mL, i.p.), oleanolic acid (OA, 10 mg/kg, i.p.), or dexamethasone (DEXA, 1 mg/kg, i.p.) 1 h after sham or CLP surgery. Thirty-six mice (n = 6 per group) were selected for assessment of lung mechanics and histology; cell apoptosis in lung, kidney, liver, and intestine samples; and measurement of CAT, GPx, iNOS, Nrf2 and SOD mRNA expression. The remaining 42 animals (n = 7/group) were subjected to the same protocol described above to obtain BALF aliquots for analysis.
Lung mechanics
24 h after sham or CLP surgery, animals were sedated (diazepam, 1 mg/kg, i.p.), anesthetized (thiopental sodium, 20 mg/kg, i.p.), tracheotomized, paralyzed (vecuronium bromide, 0.005 mg/kg, intravenously), and ventilated with a constant flow ventilator (Samay VR15; Universidad de la Republica, Montevideo, Uruguay) using the following settings: respiratory frequency 100 breaths min −1 , tidal volume (V T ) 0.2 mL, and fraction of inspired oxygen (FiO 2 ) 0.21.
A positive end-expiratory pressure (PEEP) of 2 cm H 2 O was applied and the anterior chest wall was surgically removed. After a 10-min ventilation period, static lung elastance (Est,L) was measured by the end-inflation occlusion method (Bates et al., 1985) . Data were analyzed using ANADAT software (RHT-InfoData Inc., Montreal, Quebec, Canada). The duration of lung mechanics data collection was 20 min per animal.
Histology
A laparotomy was performed immediately after determination of lung mechanics, and heparin (1000 IU) injected directly into the vena cava. The trachea was clamped at end-expiration (PEEP = 2 cm H 2 O) and the abdominal aorta and vena cava were severed, producing massive hemorrhage and rapid death by exsanguination. The right lung was then removed, fixed in 3% buffered formalin and embedded in paraffin. Slices (4 m thick) were cut and stained with hematoxylin and eosin.
Lung morphometry analysis was performed with an integrating eyepiece with a coherent system consisting of a grid with 100 points and 50 lines of known length coupled to a conventional light microscope (Olympus BX51, Olympus Latin America Inc., Brazil). The volume fractions of the lung occupied by collapsed alveoli or normal tissue were determined by the point-counting technique (Weibel, 1990) across 10 random, non-coincident fields of view (Santos et al., 2012) . The number of neutrophils and macrophages in lung tissue was evaluated at 1000× magnification. Points falling on neutrophils and macrophages were counted and divided by the total number of points falling on tissue in each field of view.
Apoptosis of lung, kidney, liver, and intestine cells
Apoptotic cells in lung, kidney, liver, and small intestine specimens were quantified using terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL). Staining was performed in a blinded fashion by two pathologists to assay cellular apoptosis (Oliveira et al., 2009 ). Ten fields per section from regions with cell apoptosis were examined under 1000× magnification. A 5-point, semi-quantitative, severity-based scoring system was used to assess the degree of apoptosis, graded as: 0 = normal parenchyma; 1 = 1-25%; 2 = 26-50%; 3 = 51-75%; and 4 = 76-100% of examined tissue.
iNOS, Nrf2, GPx, SOD, and CAT mRNA expression
Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) was performed to measure the relative expression of the inducible nitric oxide synthase (iNOS), nuclear factor E2-related factor 2 (Nrf2), glutathione peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT) genes (Santos et al., 2012) . Central slices of right lung were cut, collected in cryotubes, flash-frozen by immersion in liquid nitrogen, and stored at −80 • C. Total RNA was extracted from frozen tissues using the SV total RNA Isolation System (Promega Corporation, Fitchburg, WI, USA) in accordance with manufacturer recommendations. RNA levels were measured by spectrophotometry in a Nanodrop ND-1000 system. First-strand cDNA was synthesized from total RNA using the GoTaq ® 2-STEP RT qPCR System (Promega Corporation, Fitchburg, WI, USA). The following primers (Integrated DNA Technologies, San Diego, CA, USA) were used: iNOS (sense 5 -CTT GAG GTA TGC GGT ATT TGG-3 , antisense 3 -CAT GGT GAA CAC GTT CTT GG-5 ), Nrf2 (sense 5 -GAG ACG GCC ATG ACT GAT-3 , antisense 3 -GTG AGG GGA TCG ATG AGT AA-5 ), GPx (sense 5 -GGT TCG AGC CCA ATT TTA CA-3 , antisense 3 -CAT TCC GCA GGA AGG TAA AG-5 ), SOD (sense 5 -CCA AAG GAG AGT TGC TGG AG-3 , antisense 3 -GAA CCT TGG ACT CCC ACA GA-5 ), CAT (sense 5 -CCT CGT TCA GGA TGT GGT TT-3 , antisense 3 -TCT GGT GAT ATC GTG GGT GA-5 ). For each sample, the expression of each gene was normalized to housekeeping gene 36B4 (sense 5 -AAT CCT GAG CGA TGT GCA G-3 , antisense 3 -GTC GCC ATT GTC AAA CAC C-5 ) expression using the 2 − Ct method. The results were normalized by fold changes relative to the C-SAL group.
Evaluation of bronchoalveolar lavage fluid
BALF analysis was performed in the remaining 42 animals (n = 7/each). A polyethylene cannula was inserted into the trachea and a total volume of 1.5 mL of buffered saline (PBS) containing 
Statistical analysis
Data were tested for normal distribution (by means of the Kolmogorov-Smirnov test with Lilliefors' correction) and homogeneity of variances (by Levene's median test). Parametric data are expressed as mean (SEM), whereas non-parametric data are expressed as median (interquartile range). Differences among the study groups were assessed by two-way analysis of variance (ANOVA) followed by Bonferroni's correction. All tests were performed in the GraphPad Prism v5.00 software environment (GraphPad Software, La Jolla, CA, USA). The significance level was set at P < 0.05.
Results
Static lung elastance (Est,L) was higher in the CLP-SAL group (58%) than in C-SAL animals (Fig. 1) . In the CLP groups, both treatments (DEXA and OA) reduced Est,L ( Fig. 1, P < 0.001) .
Neutrophil infiltration, alveolar collapse and interstitial edema were significantly greater (P < 0.05) in CLP-SAL compared to C-SAL (Table 1 and Fig. 2 ). In the CLP groups, DEXA and OA reduced alveolar collapse and the number of neutrophils in lung tissue as compared with CLP-SAL (Table 1) . CLP-OA animals had fewer Table 1 Lung morphometry and cellularity. Values are the median (interquartile range) of 7 animals in each group. The apoptotic findings were graded as follows in 10 non-coincident fields: 0 = normal lung parenchyma; 1 = 1-25%; 2 = 26-50%; 3 = 51-75%; 4 = 76-100% of examined tissue. Sepsis was induced by caecal ligation and puncture (CLP). A Sham-operated group was used as control (C). 1 h after surgery, C and CLP animals were treated with saline (SAL, 0.1 mL, i.p.), dexamethasone (DEXA, 1 mg/kg, i.p.) or oleanolic acid (OA, 10 mg/kg, i.p.). * Significantly different from C group (P < 0.05). ** Significantly different from the CLP-SAL group (P < 0.05).
macrophages in lung tissue than CLP-SAL (P < 0.01) and CLP-DEXA (P < 0.05) ( Table 1) . Consequently, the total cell count was higher in the CLP-SAL group than in C-SAL, CLP-OA, and CLP-DEXA (Table 1) . Lung, kidney, liver and small intestine villus cell apoptosis was greater in CLP-SAL than in C-SAL animals ( Table 2 ). OA and DEXA significantly reduced the number of apoptotic cells in the lung, liver, and kidney, with no significant changes in small intestine villi.
No differences among groups were observed regarding Nrf2, GPx and CAT mRNA expression (Fig. 3 ). There was a significant reduction in iNOS expression between CLP-DEXA and CLP-OA (P < 0.05) (Fig. 3) ; however, no significant changes were observed between CLP-SAL vs. CLP-DEXA, and CLP-SAL vs. CLP-OA. OA increased the expression of SOD (Fig. 3) compared to CLP-DEXA (P < 0.05).
KC and IL-6 levels in BALF were higher in CLP-SAL than C-SAL animals (Fig. 4) . DEXA, but not OA, reduced IL-6 and KC levels as compared with CLP-SAL (Fig. 4) . No significant changes in the level of IL-10 in BALF were observed among the groups (Fig. 4) . 
Discussion
In the present experimental model of sepsis induced by CLP in mice: (1) a single dose of OA (10 mg/kg) or DEXA (1 mg/kg) prevented impairment in lung mechanics, reduced alveolar collapse and neutrophil infiltration, and attenuated cell apoptosis in the lung, kidney, and liver; (2) DEXA, but not OA, significantly decreased IL-6 and KC protein levels in BALF; and (3) OA, but not DEXA, increased SOD and prevented the increase in iNOS mRNA expression in lung tissue.
The CLP model is considered to be the crucial preclinical test for any new treatment of human sepsis (Matute-Bello et al., 2001; Lang and Matute-Bello, 2009) , since it involves similar inflammatory and oxidative pathways (Orfanos et al., 2004) . The doses of OA and DEXA used in the current investigation were based on pilot studies considering improvement in lung function (data not shown). Dexamethasone was chosen rather than other corticosteroids that could reach superior pulmonary concentration, such as methylprednisolone (Greos et al., 1991) , owing to its intraperitoneal absorption characteristics, which are comparable to those of OA (Engelhardt, 1987) . The dose of dexamethasone used herein was 1 mg/kg, which also improved lung morphofunctional variables in paraquat-induced lung injury (Santos et al., 2011) .
Two inflammatory pathways (Lang et al., 2002; Thimmulappa et al., 2006a,b; Guo and Ward, 2007) were analyzed to evaluate the mechanisms of action of OA and dexamethasone in sepsis. The first pathway is associated with the inhibition of signaling by NF-B, modulating pro-inflammatory and anti-inflammatory mediators. The pro-inflammatory cytokines KC and IL-6 play important roles in the immune response in sepsis (Andaluz-Ojeda et al., 2012; Reinhart et al., 2012) . KC possesses potent chemotactic activity for neutrophils (Watanabe et al., 1991) and has been suggested as an important mediator of tissue damage. IL-6 is elevated in septic patients and correlates with severity and outcome (Kantar et al., 2000) . IL-10 is expressed in high concentrations during sepsis and can downregulate expression of TNF-␣ as well as other inflammatory cytokines (Marchant et al., 1994) . The second pathway is associated with mechanisms related to oxidative stress. In this line, transcription factor Nrf2, the antioxidant enzymes GPx, CAT, and SOD, and iNOS were measured. Nrf2 regulates antioxidant defenses that protect against inflammation by inhibiting oxidative tissue injury (Kong et al., 2011) . GPx acts as a reducing system for H 2 O 2 , and eliminates several toxic peroxides, preventing lipid peroxidation (Comhair and Erzurum, 2002) . CAT catalyzes H 2 O 2 dismutation and is more effective in the presence of high H 2 O 2 concentrations. Superoxide dismutase is a potent antioxidant enzyme which can buffer highly reactive species such as superoxide anions (Siedlinski et al., 2009; Olivant Fisher et al., 2012) . In contrast, iNOS is expressed in white blood cells in response to pathogens, resulting in overproduction of nitric oxide and a pro-oxidant state (Gutteridge and Mitchell, 1999) .
In the present study, no significant differences were observed in iNOS expression between CLP-SAL and CLP-DEXA groups, which may be attributed to the moment of dexamethasone administration, early in the course of inflammation (Thakur and Baydoun, 2012) . Even though it has been described that dexamethasone may regulate iNOS expression exclusively through NF-B (Jantz and Sahn, 1999) , a recent study reported that dexamethasone enhanced iNOS gene expression but repressed iNOS protein with no noticeable effects on NF-B (Thakur and Baydoun, 2012) . OA increased expression of SOD and prevented an increase in iNOS, with no significant changes in Nrf2, GPx, and CAT. In this context, recent studies have shown that increases in SOD (Siedlinski et al., 2009; Olivant Fisher et al., 2012) and decreases in iNOS (Soejima et al., 2000; Pittet et al., 2001 ) correlate with a reduction in lung damage. Additionally, OA is a free radical scavenger, acting through direct chemical reactions (Wang et al., 2010) and iNOS inhibition, preventing the overproduction of nitric oxide and depletion of intracellular glutathione and cytotoxicity (Abdel-Zaher et al., 2007) . The unchanged pattern of Nrf2 expression after OA administration (Fig. 3) contradicts the findings of previous in vitro (Reisman et al., 2009; Wang et al., 2010) and in vivo (Liu et al., 2008) studies showing an increase in the expression of Nrf2. These divergent results may be attributed to the dose and frequency of OA administration. In agreement with the present study, GPx levels were not found to change in a CLP-induced sepsis model (Andrades et al., 2011) or in septic patients (Lang et al., 2002) , which may be explained by a delay in GPx upregulation (Comhair et al., 2001) . Even though GPx and CAT are the most important H 2 O 2 scavenging enzymes, other enzymes, such as glutaredoxins, peroxiredoxins, and thioredoxins, may play a role in H 2 O 2 degradation in the lung (Kinnula and Crapo, 2003) .
In the model of CLP-induced sepsis used herein, IL-6 and KC did not change after OA administration, but reductions were observed in other ARDS models (Lee et al., 2010; Santos et al., 2011) . Accordingly, in our previous study (Santos et al., 2011) , oleanolic acid reduced IL-6 in experimental ARDS induced by paraquat, which results in a pro-oxidative model (Dinis-Oliveira et al., 2008) . These differences can be explained by the timing of analysis and choice of model, since the pathophysiology of ARDS may differ according to the primary insult. Dexamethasone decreased IL-6 and KC, but did not modify oxidative stress mediators. In this line, corticosteroids inhibit AP-1 and NF-B, which are involved in the upregulation of several inflammatory mediators (Fig. 4) (Jantz and Sahn, 1999) .
Both OA and DEXA improved lung mechanics and histology and reduced neutrophil infiltration in experimental CLP-induced sepsis, with effects attributable to different pathways. In OA, the anti-inflammatory process was associated with modulation of iNOS (Suh et al., 1998) and upregulation of SOD expression, which may attenuate lipid peroxidation and myeloperoxidase activity (Bowler and Crapo, 2002) . However, we cannot rule out an effect of OA on other cytokines and inflammatory mediators that could contribute to sepsis-related lung injury but were not investigated in this study. The reduction in neutrophil infiltration achieved with DEXA was mainly associated with a decrease in IL-6 and KC.
Both OA and DEXA reduced the degree of cell apoptosis in the lung, liver and kidney, but not in small intestine cells (Table 2) . OA may reduce cell apoptosis through inhibition of iNOS (Tsai and Yin, 2012) , whereas DEXA inhibits cell apoptosis through NF-B mediated anti-apoptotic mechanisms (Czock et al., 2005) .
This study has some limitations that need to be addressed. First, CLP is a reliable model of peritonitis, but it is unclear whether these results can be directly applied to other experimental models of sepsis, such as intravenous injection of Escherichia coli LPS or live bacteria. Second, the amount of bacteria recovered from peritoneal fluid and blood samples was not measured. Third, OA was compared with dexamethasone, which is not commonly used in the clinical setting. Thus, we cannot rule out different effects with other types of steroids, doses, and routes of administration. Fourth, a single intraperitoneal dose of OA was administered, and, consequently, we cannot exclude the possibility that multiple doses or continuous intravenous infusion could yield different results. The methods used to quantify OA in plasma and the optimal range and route of OA administration in humans are currently being defined (Song et al., 2006) (Ji et al., 2009) . Fifth, the association of both drugs in the current model was not assessed; however, future studies are suggested to analyze further beneficial effects. Sixth, OA was given 1 h after CLP; therefore, the effect of OA at a later phase is unknown. Finally, we measured IL-6, KC, and IL-10 in BALF, and SOD, CAT, GPx, iNOS and Nrf2 mRNA expression in lung tissue. However, potential effects on other cytokines or genes and their levels in lung tissue were not investigated.
In conclusion, in the CLP-induced model of experimental sepsis used herein, administration of a single early intraperitoneal dose of OA or dexamethasone prevented deterioration of lung mechanics and minimized histological changes, attenuating cell apoptosis in the lung, liver and kidney, through different mechanisms of action.
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